Abstract. The main objective of this study is the search for methods of verification of bus rollover finite element simulation which can replace a full-scale verification rollover test using single bus section. An overview of the main verification methods of the computer simulation results of bus rollover is provided in the article. A bus section rollover test is conducted. A comparison between calculation and experiment results is performed. Features of bus section motion, which affect the construction deformation value, are analyzed on the basis of received good convergence between calculation and test results. The mathematical model of planar motion of the bus section until impact with ditch surface is given. This model can be used to verify values of the center of gravity velocities and accelerations of the bus section, obtained as a result of an FE (finite element) simulation.
Introduction


The official requirement, which regulates the structural strength of the bus body in rollover accident, is prescription of the UNECE (United Nations Economic Commission for Europe) Regulation 66. This regulation describes the rollover test conditions of the bus and evaluation criteria of the bus passive safety. The basic evaluation method is to conduct a full-scale rollover of the bus from a ledge of 0.8 m height. The scheme of the test is shown in Fig. 1 . A vehicle on the platform is gradually tilted. When the COG (center of gravity) of the bus reaches the maximum height (Position 2), the bus begins to fall. The free fall continues until the first contact between the bus body construction and rigid ditch surface occurs, which corresponds to Position 3 of the COG of the bus.
The rules also provide equivalent methods of evaluation, namely quasi-static calculations and tests and computer simulation [1] . In the quasi-static test and calculation, the rules prescribe the following impact energy value: E = 0.75Mgh (1) where, M is the mass of bus, g is the gravitational acceleration and h is the vertical distance between Positions 2 and 3 of the COG of the bus (Fig. 1) .
Computer simulation of bus rollover is currently performed using software based on the FEM (finite element method). In assessing the passive safety of bus bodies using FEM, great attention is paid to verification of the results. To obtain an adequate simulation result, the information about nonlinear characteristics of the materials used in the construction of the bus body is needed. An important factor determining a real character of the structure behavior during deformation process is a method of modeling connections (welding, glue and bolted connections) of elements of the body construction. Correct selection of the above mentioned parameters can be achieved by carrying out experiments on specimens of materials, structural elements as well as their connections [2, 3] . Fragments of the verification tests, which were carried out by Vashurin [4] , are shown in Fig. 2 . [5] .
Both of these verification methods allow to choose an optimal size, shape, formulation of the finite element and optimal size of the iteration step. Thus, it is possible to evaluate an adequacy of behavior of an FEM at the time of impact with ditch surface and of subsequent deformations. However, it is important to assess a character of bus motion during a free fall, since it is possible to obtain the deviation in magnitude of the kinetic impact energy and components distribution of the model velocity. All of these can affect the result of modeling, even with good convergence obtained between calculation and experiment on structural elements specimens of the construction.
Assessment of the adequacy of the model parameters listed above, as well as the accuracy of the translational and angular velocities values of the model at the time of impact with ditch surface is possible by means of a natural experiment on a single section of the bus [6, 7] .
Although the verification by this method is the most full-scale, we must not forget about the shortcomings of this experiment. The first disadvantage is the high cost. The second disadvantage is the necessity for an existing object of research, which makes impossible the conduction of verification during the bus design process before manufacturing of the first prototype. Therefore, the aim of this study is the analysis of bus rollover process, the determination of the most important parameters of bus motion, which can be specified using simplified experiments without a prototype and searching for equivalent methods of verification. Thus, the search for solutions that can help to replace a full-scale experiment conduction will be carried out in this article.
In order to understand what features of bus motion at rollover may affect the deformations and the impact energy changing, the comparison between FE (finite element) simulation and full-scale experiment on the example of a bus single section will be carried out below.
Object of the Study
The object of this study has contour and structural elements similar to corresponding parameters of the middle section of a typical bus, which is performed on the base of a light commercial vehicle. Before testing, the section was set on a pedestal, which simulated the vehicle chassis. Then the ballast was added in order to give the section mass properties (mass and COG location) similar to the bus body section. The ballast was joined to the section structural elements and the pedestal. The tilting platform with the section, pedestal and ballast is shown in Fig. 3 .
Description of the Finite Element Simulation
The uniaxial tensile test of the specimens extracted from thin-walled tubes of the body section was conducted preliminarily. The "stress-strain" curve obtained for plastic deformation area (Fig. 4) was assigned to the material of the body section at the FEA (finite element analysis). FEA was conducted using 
Comparison between Calculation and Experiment Data
The distance between the control points before the impact and after was measured in the simulation and test. Comparison between the simulation and test results was conducted by the comparison between these distances. The residual deformations after unloading were measured after the impact. Location of the control points is shown in Fig. 5b . The measurements are shown in Table 1 . As it is seen from the table, the difference between the simulation and test results has ranged from 0.36% to 7.29%. Good correlation between the simulation and test results is also confirmed by comparison of the body section deformations as shown in Fig. 6 .
It shows in Fig. 6 that the box with ballast touches the vertical pillars of the body section. This situation also takes place in calculation. It also shows that locations of the plastic deformations areas in calculation are the same as in the experiment.
Analysis of the Bus Section Motion during Rollover
Considering the obtained results, it is possible to say that the developed finite element model is adequate and correctly reproduces the movement of bus section before and after impact with ground. Several motion features of the bus section FEM will be shown further. The features can be considered as reliable, taking into account obtained convergence between experimental and calculation results. The rotation axis of the bus body construction is changing during the rollover process. The tilting platform shoulders and the pedestal positions at different time moments are shown in Fig. 8 . The rotation axis changing influences the inertia moment of the rotating construction and so influences the kinetic energy value. Also, the "L" distance between the lower edge of the pedestal and rotation axis influences the fall of the pedestal from the tilting platform shoulders. Finally, it influences the bus body deformation values. Thus, taking into account the given features of rollover, experimental determination of the friction coefficient between the wheels of the bus (or a section pedestal) and rotating platform, as well as between the bus body and the ditch surface, is necessary to improve the accuracy of calculation. Good convergence between results of calculation and experiment was achieved in this paper using these methods. It should be understood that a numerical error for a large number of iterations, discretization of rounded contact surfaces and conditional stiffness of contact interaction given by the user take place in the nonlinear finite element analysis. There is necessity to verify the values of velocity and acceleration of model before impact with ditch surface. Thus, the experimental determination of the friction coefficient does not give the complete confidence in the correctness of the FEM movement.
Values of the velocity and acceleration of the section COG can be obtained without a full-scale experiment using an equations of rigid body motion. Mathematical model of planar motion of a rigid body was compiled and solved to the moment. This model consists of several systems of equations, which are solved sequentially when the variables reach appropriate conditions. Three settlement schemes that become relevant at certain stages of the bus planar motion during a rollover are shown in Figs. 9 and 10.
The system of equations compiled for the Scheme 2 
